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FOREWORD

The improvement of iand mobility technology and the determination of future
requirements for the mobility of combat and suppor: vehicles of the Army requires an
objective evaluation of existing and conceptual vehicles under various terrain, weather,
and climatic conditions. The developruent of the AMC '74 Mokbility Model serves this
purpose. In this model various submodels simulate the interactions of man-vehicle-

terrain systems that determine the overall effectiveness of vehicles in combat and support
situations. The off-road performance of wheeled vehicles is computed in the areal
module of the AMC 74 Mobility Model where the available tractive force is calculated
from empirically established relationships on the assumption that the motion resistance
is independent of the driving torque., These relations are available only for either purely

frictional or purely cohesive soils.

At Grumman, driven and towed tire~soil interaction models have been developed
under earlier contracts with TACOM (now TARADCOM). These models are based on the
theoretical concept that soil behavior is characterized by its fundamental (Coulomb) strength
parameters and its reactions to tire loads can be determined by plasticity theory methods.
The tire-soil interaction models developed on this basis have been validated by test data on
a variety of tire sizes and soil conditions; the driven tire-soil model simulates tire per-
formance realistically by accounting for the interaction between driving torque and motion
resistance, These tire-soil interaction models are not restricted to purely frictional or
purely cohesive soils, and have, therefore, more general applicability than the empirical
relationships in the present Mobility Model. Thus, a vehicle model utilizing the tire-soil
models is called for to extend the applicability of the AMC-74 Mobility Model to cohesive-
frictional soils. The vehicle nerformance model, prepared under this contract, is de-
scribed in Section 2 of this report. Additionally, a braked tire model has been developed
under the present contract to make the computation of braking performance consistent with
the vehicle performance model. Development of the tire-soil interaction model for braked

: <conditions is discussed in Section 3 of this report.

The soil characterization by its Coulomb strength parameters in the vehicle per-
formance model allows the use of the model in practically all types of soils (including extra-
. terrestrial conditions), Nevertheless, a large data bank exists where the soil properties
1 _ are characterized by cone index values. To use this information with the vehicle per-

formance model it {8 nrcessary to convert cone index values to Coulomb strength

il
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parameters. The differential equations of plasticity for soils, extended for the axially
symmetric case of cone penetration, have been applied to this problem. A new method
that considers '"locked in'' stress states in the soil during the process of penetration has
been developed for the evaluation of the variation of cone penetration resistance with depth,
The results of this research are reported in Section 4.
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ABSTRACT

A mathematical model of 4x4 off-road vehicles has been developed for the
estimation of vehicle performance. The model uses the pneumatic-tire soil interaction
models developed earlier for driven and towed tires and incorporates these as submodels
in the vehicle performance niodel. Vehicle-soil interactions, such as redistribution of
axle welights, due to the slope angle and applied torque, and effect of compaction by the
lead wheel are taken into account, The effect on various torque transfer mechanisms
between the axles is also considered. The computer program for the vehicle perform-
ance model has been prepared as a subroutine with suitable arguments for use in the AMC
Mobility Model. The vehicle performance model can be used with any soil, the strength
of which can be characterized by its Coulomb strength parameters.,

A braked tire-soil interaction model has also been developed for the estimation
of the braking force that the vehicle can develop under various soil conditions.

A new method of analysis of the variation of cone penetration resistance with
depth has been developed, In this method incremental penetration is analyzed by assum-~
ing thut the stress state in the soil produced by the previous increment remains "locked
in.'" Comne penetration resistance profiles can be converted to Coulomb strength param-
eters by this method using a trial and error procedure.
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1, SCOPE OF WORK

The scope of work as described in the present supplemental contract agreement
includes the following items:

(o]

Development of a 4 x 4 vehicle performance model using the driven and towed
tire models developed at Grumman under earlier contracts. The vehicle
performance model should be suitable as an alternate submodel of the AMC '74
Mobility Model,

Analysis of braking conditions in soft soils and development of braked tire
model to be used as an alternate of the total braking force computation
routine in the AMC 74 Mobility Model.

Development of relationships for vsrious types of soils between fundamental
(Coulcmb) soil strength parameters and the soft soil strength data required
as input to the AMC 74 Mobility Model.



2. THE 4 x 4 VEHICLE PERFORMANCE MODEL

CONCEPT

For some time it has been recognized that the performance of single tires or rigid
wheels cannot be superimposed to obtain that of a wheeled vehicle, since there are inter-
actions among the individual running gears and the vehicle, Instruments of these interac-
tions are the soil, the power train of the vehicle, and its suspension system. This latter
affects vehicle performance primarily through its controlling influence on ride dynamics.
Since in the AMC '74 Mobility Model (Ref. 1) the effect of ride dynamics on vehicle per-
formance is considered in a separate module, interactions of the suspension system with
the running gear assembly have been disregarded in the development of the 4 x 4 vehicle
performance model, However, there are interactions between the two axles of a 4 x 4 ve-
hicle that are independent of the suspension. These have been taken into account in the
model development in the following way., The load distribution between the front and rear
axle, defined by the location of the center of gravity of the vehicle and force equilibrium
conditiuns, changes with the magnitude of grade and the applied driving torque. In the ve-

hicle model this interactive distribution of axle loads is taken into account by computing the

actual load on each axle from the equilibrium conditions for each value of the applied driv-
ing torque and slope angle,

In four wheel drive vehicles the type of torque transfer mechanisms affect the
torque distribution between the axles. A torque transfer coefficient incorporated in the
model allows the consideration of an interaxle differential (front and rear axle torques
are equal), no interaxle differential (front and rear wheels turn with same speed,
respective torques are different due to differences in axle loads), or any torque biased
transfer mechanism,

The soil is also an instrument of interaction between the front and rear axle, The
leading wheel compacts the soil and thereby changes the properties of soil that control
the performance of the trailing wheel. This effect is discussed in more detalil in
Section 4.

The driven tire-soil interaction model developed under an earlier contract
computes tire performance for a given slip value. In the AMC.'74 Mobility Model the
"glip modified tractive effort" of a vehicle is computed from the tractive force that the

power train of the vehicle can provide at full throttle at maXimum, median, and minimumn

e Me————
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speed in each gear. To make the vehicle performance model compatible with the AMC '74
Mcbility Model it was necessary to make certain modifications in the general scheme of
computation of the earlier tire-soll model. This modified computation scheme provides
for the computation of the torques supplied by the power train and the determination of

the drawbar pull that this torque can develop. The slip associated with this terque is

also computed. With this modification the computer program for the vehicle perferm-
ance model, prepared as a subroutine, is a self-contained alternate for the "slip modi~
fied tractive effort calculation in the areal module of the AMC '74 Mobility Model.

Note that if strict adherence to the siructure of the AMC '74 Mobility Model had
not been required, another, more economical, use of the vehicle performance model
could have been chosen for the determination of the maximum speed that the vehicle can
develop under the given terrain conditions. Inthe AMC '74 Mobility Model relatively
simple formulas are used for determination of the slip modified tractive effort, therefore,
its computation over the whole range of speed requires little computer time. The actual
speed is then determined from the slip modified tractive effort vs speed curve as the max-~
imum at which the tractive effort required under the given conditions is available. The
4 x 4 vehicle performance model uses more elaborate theory and computer techniques for
determination of the tractive effort, therefore, savings in computer time could material-
ize with a different sequence of computations. In this sequence, the external resistances
in crossing a terrain unit would be determined first and the vehicle performance model
would be used only for the computation of torque necessary to develop an equivalent draw-

bar pull. The maximum speed of the vehicle would be determined from the computed
torque and power train data.

MODEL COMPONENTS

The main components of the vehicle performance model are the pneumatic tire-soil
interaction models developed for driven and towed tires under previous TACOM contracts.
Many computation schemes in these two tire models are common to both, therefore, the
computer programs for these two models were integrated in a single computer program
for use in the vehicle performance model. In connection with this integration, it was
deemed desirable to make a slight modification in the computation of tire performances
at low torque. In the driven tire-soil interaction model the interface shear stresses are
computed on the assumption that the interface friction angle, § , is uniform over the
interface. This assumption is a reasonable one for relatively high torque values, In the
towed tire-scil interaction model the interface friction angle, 8§ , i8 assumed to decrease
linearly from a § o value at the entry angle to zero in the center of the contact area, and
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then to decrease further so as to reach -8, at the rear angle. At low torque the interface
shear stress distrijbution is closer to that at zero torque (towed condition) than the distri-
bution assumed for driven tires. To avoid inconsistencies and abrupt transitions from
the zero torque to the low torque condition, the interface shear stress distribution at low
torque was modified so as to ensure a gradual transition from the low torque to the towed
(zero torque) condition. In the integrated tire-soil performance model, it was assumed
that at a torque value corresponding to § = 0.25 & ., the zero torque type distribution
(variable §) startes to superimpose over the § = constant distribution. A gradual transi-
tion in the interface shear stress distribution from low torque to zero torque is thereby
obtained. Typical interface shear stress distributions resulting from these assumptions
are shown in Fig. 1,

DESCRIPTION OF VEHICLE PERFORMANCE MODEL

+

In the development of the vehicle performance model the variable names and other
designations of the AMC '74 Mobility Model were adhered to. Nevertheless, because of
the additional capabilities of the Grummar vehicle performance model it 1 as necessary to
introduce certain new designations and input data information. These are as follows:

Vehicle Characteristics:

ITRSF =0 No interaxle differential
=1 Interaxle differential
= 2 Torque biased transfer case
TRQFAC = 1st axle torque/total torque

It is recommended that this information on the vehicle power train characteristics
be included in the vehicle data sheet and vehicle preprocessor module of the AMC '74
Mobility Model.

Soil Characteristics:
IST =9 Designates a cohesive~frictional type soil

heretofore not included in the AMC '74
Mobllity Model

COHES = Cohesion (psi)
PHI = Friction angle (degree)
GAMMA = Unit weight of soil (lbs/cu in.)
SJ = Parameter j in shea: stress-slip equation
SK = Parameter K in shear stress-slip equation
4
v
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Fig. 1. Distribution of Shaar Stress ( 7) Beneath a Tire Driven by a Small
Torqus Results from the Superposition of Shear Stiesses from
Uniform Interface Friction Angle {a) and for Towed Condition {b).




SFAC = Parameter Kg in the estimation of compactive
effect of leading wheel. If no value for SAFC
has been assigned, a default value of SFAC =
0.9 is used.

It is recommended that these input data for cohesive frictional soils be included
in the primary terrain descriptor module,

The computer program for the vehicle performance model is writter as sub-
routine "TIRE" to be called from the AMC '74 Mobility Model as an alternate to the "Slip
modified tractive effort" computation in the area submodule, Simple variable, constant,
and array designations and dimensions are identical with those used in the AMC '74
Mobility Model (except for the new terms listed before), The subroutine TIRE is called
with arguments in the following order:

INPUT VALUES:

ATF (NG) BTF (NG), CTF (NG) Constant of quadratic fitted to vehicle tractive

WGHT (i)
DIAW (i)

SECTW (i)
TPSI (1,])

DFLECT (, j)

SECTH (i)

VGV (NG, MD)
VGV (NG, MN)
VGV (NG, MX)

IST

RCIC (j)

effort curve in gear NG

Weight on axle i

Outside wheel diamecter of unloaded tires
on axle i

Section width of tires on axle i

Tire inflation pressure ou axle i, specified
for soll type § =IST

Deflection of tire on axle i, at pressure
specified for j = IST

Section height of tire on axle i

Mid range, minimum and maximum speed,
respectively, in gear NG

Soil type:

= 1 for fine grained (cohesive) soil

= 2 for coarse grained (frictional) soil
= 9 for frictional-cohesive soil

Soil Strength (cone index) for

j =1 dry season

j =2 normal season

j =3 wet season

e N r———— -




.. THETA (K) Slope angle in radians for upslope
. (K = 1), level (K = 2) and downslope (K = 3)
L. CGR Horizontal distance of the center of
%' gravity from rear axle
CGH Height of center of gravity (for loaded
) vehicle)
TL Axle distance
.- NGR Number of transmission gear ratics
i TRQFAC See new designations (Pg 4)
E, . - ISEAS (i) Indicator for dry (i = 1) for normal
(1 = 2) and for wet (i = 3) season
| COHES See new designations (Pg 4)
3 o PHI See new designations
o GAMMA Sec new designations
T 8J See new designations
: SK See new designations
‘- IP (i) =1 1f axle i is powercd
,]i . = ( otherwisc '
i .- NTRAV = 1 for traverse, = 3 for average up,
” level and down travel
3 N EFC Elevation correction factor for tractive
!H . effort
: ITRSF See new designations (Pg 4)

. Note: TPSI (i,j) and DFLECT (i,J) need not be specified for IST = 9 since
L for IST = 9 the values of these tire characteristics have been assumed
) as the average of the values for IST =1 and 2.

OUTPUT VALUES:

TR e e RN T T TS

VG (NG, IV) = §Speed in gear NG modified by slip
(minimum: IV =1, mid range: IV = 2,
maximums 1V = 3)

STRACT (NG, IV, K)

Slip modified tractive effort in gear NG at
minimum (IV = 1), mid range (IV = 1), mid
range (IV = 2), and maximum (IV = 3) speed,
upslope (K = 1), level (K = 2), and down-

- slope (K = 3)
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FA (NG, K), FB (NG, K) Constants for quadratic fitied to slip

FC (NG, K) modified tractive effort vs speed curve for
gear NG and slope up (K = 1), level (K = 2),
and down (K = 3)

FORMX (K) = Maximum tractive effort available in soil

for slope up (K = 1), levet (K =2), and
down (K = 3)
VFMAX (K) = Speed at which maximum tractive cffort

is available

In the vehicle performance model the siip modified tractive effort is computed
from the input data in the foliowing way (Fig. 2).

First, the program checks whether Coulomb soil strength parameters are
available. I not, the program computes the Coulomb soil stiength parameters from cone
index values using the approximate formulas given in Section 4 for cohesive (IST = 1) or
frictional soils (IST = 2). Then, a fourfold "Do Loop'" is ontered for the computation of
the slip modified tractive effort for the conditions set forth in the AMC '74 Mobility
Model. In this loop the tractive force available from the drive train and the correspond-
ing axle torque is computad first, then the axle loads are determined with respect to the
welght redistribution due to the slope angle and applied torque.

The computation of axle performance is started with the axle that carries the
lesser load. The reason for this sequence of the computations is that in the case of four
wheel drive and interaxle differential the axle torque is limited to whichever of the axle
torques is lower. In the case of a powered axle, axle performance computations are
performed by following the computation scheme for a driven tire developed under an
earlier contract (Ref, 2), while in the case of a free rolling axle the computation follows
the scheme for towed tires (Ref. 3). The two computation schemes were integrated in a
single program for thelr expedient use in the vehicle performance model, Details of
these computation schemes aro given in Refs, (2) and (3). The computation scheme for
driven tires determines the drawbar pull and torque values for given load and interface
friction angle or slip. In the vohicle performance model the determination of the tractive
performance (or drawbar pull) for a given input torque is needed in the case of powered
axles, To this end an estimate of the interface friction angle, § , {8 made and adjusted
in an {terative scheme until the computed axle torque agrees with the input torque within
the allowed tolerance.
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15T =1

IST =2
FRICTIONAL SOIL

COHESIVE FRICTIONAL SOIL

IST=1,20R9

IST = ELSE

COHESIVE SOIL
) B

COMPUTE COULOMB
STRENGTH PARAMETERS
FROM CONE INDEX

FOR 18T AXLE AND FROM LIMIT

|
COMPUTE RELATIVE DENSITY
FROM CONE INDEX GRADIENT

PRESSURE FOR 2ND AXLE

ACCEPT COULOMB STRENGTH
PARAMETERS FOR 18T
AXLE AND ESTIMATE
VALUES FOF, 2ND AXLE

L

PROGRAM NOT
APPLICABLE

-

DO 104 NG = 1,NGR
DO 106 iv =1,3
DO 108 XA = 12

' .
ENTER DO LOOPS FOR COMPUTATION OF SLIP MODIFIED TRACTIVE EFFORT

DO 102 IGRAD = 1, NTRAV {TRAVERSE OR UP, LEVEL AND DOWN SLOPE)
(FOR EACH GEAR)
(MIN,, MEDIAN AND MAX, SPEED IN GEAR)

{FOR EACH OF THE AXLES)
X

COMPUTE MAX., AVAILABLE TRACTIVE EFFORT
AND CORRESPONDING YORQUE FROM POWER TRAIN DATA

-
COMPUTE AXLE LOADS FOR SLOPE AND TORQUE

START PERFORMANCE COMPUTATIONS WITH LOWER AXLE LOAD
X

)

| BOTH AXLES POWERED |
|

ESTIMATE INTERFACE FRICTION ANGLE §
FOR TORQUE ON AXLE WITH LOWER LOAD

|5

COMPUTE AXLE PERFORMANCE
BY DRIVEN TIRE ROUTINE

L

COMPUTED TORQUE EQUALS
INPUT TORQUE WITHIN TOLERANCE

YES

I 'NO INTCRAXLE |
DIFFERENTIAL |

ADJUST §
A

INTERAXLE
DIFFERENTIAL
.

COMPUTE ZND AaXLE
PERFORMANCE BY DRIVEN
TIRE ROUTINE FOR 18T

5&56

ESTIMATE S FOR 18T
AXLE TORQUE

COMPUTE 2ND AXLE PERFORi-

ANCE BY DRIVEN TIRE ROUTINE

X
COMPUTED TORQUE EQUALS

INPUT TORQUE
[s] (N0
ADJUST §

—
| onEeaxLE PoweRED |
)

COMPUTE DRAG LOAD ON UNPOWERED

) |

AXLE BY TOWED TIRE ROUTINE

ESTIMATE INTERFACE FRICTION ANG LE]

8 FOR TORQUE ON POWERED AXLE

J‘f . -

COMPUTE AXLE PERFORMANCE BY
DRIVEN TIRE ROUTINE

i |

YES

COMPUTED TORQUE EQUALS
INPUT TORQUE WITHIN TOLERANCE

NO

4 CONTINUE I

lCOMPUTE COEFFICIENTS FOR QUADRAYIC OF SLIP, MOD. TRACY, EFF. CURVE ]

Fig. 2. Flow Diagram for ths Computation of Siip Modified Tractive Effort
by the Vehicle Performance Modei.
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In the case of four wheel drive the effect of interaxle differential 1s taken into
account by requiring that the torque on the axle carrying the heavier load be the same as
for the axle carrying the lighter load. The tractive performaiice of the axle under the
heavier load is computed un this condition. If the interaxle differential is torque biased
ther the ratio of the torques on the two axles is constant.

H there i8 no interaxle differential, then the two axles turn with the same speed.
This conditicr. iranslates in the model to the requirement that the slip of the two axles
and the intevface friction angle be the same. If the load on the two axles is different, the
torque on the two axles compuied on this condition is also different. ™he difference in the
axle torques compuied in the model corresponds to the phenomenon of torque windup.

The final step in the performance computations is the determination of the con-
stants in the quadratic fitting the slip modified tractive effort curve. This information
is transmitted through the subrouiine arguments to the main program for further use,
USE OF THE MODEL FOR PREDICTION AND PARAMETRIC ANALYSIS OF
VEHICLE PERFORMANCE

The vuhicle performunce model described previously incorporates many inter-
active features that bave been generally recognized as having an effect on the performance
of various off~road vehicles, yet have not been considered in other vehicle performance .
models, primarily because the genceral concept of these models was directed toward
simpiicity. One of the useful attributes of this vehicle performance model is its capability
to analyze und assess the significance of these interactions under a wide variety of condi-
tions and thereby gain further insight into the interreolationships that govern off-road
vehicle - srforinance. In tho following discussion, results obtained by the vehicle per-
formance nodel for a small number of selected combinations of the input variables arc
presented. These presentations are intended to show the value of the model as an analyti-
cal tool. The conclusions that may be drawn froi the presented rosults are valid for that
partioular set of input data and should not be construed as generally valid, A systematic
large scale analysis, covering a wide range of input conditions, is needed to draw goneral
conclusions. Such an analysis {8 outside the scope of this work,

As mentloned earlier, the computer program for the vehicle performance model
has been prepared so as to comply with the present structure of the AMC '74 Mobllity
Model. In this model the tractive force available in various gears at full throttle and the
associated slip are determined and a tractive effort va speed curve is obtained. In the
following presentation the sume celations obt2ined by the vehicle performance model are
shown for various conditions, (o ether with the theoretical tractive force that the engine

10



is capable of developing. All presentations refer to the M-151, 1/4 ton Army utility truck
(commonly known as the ""Jeep") that has the following vehicle characterlstilcs.

Weight on front axle 1740 1bs
Weight on rear axle 1460 lbs
Wheel base 85 in,
Height of center of gravity (C.G.) 13 in,
Distance of C.G. from rear axle 46 in,
Tire diameter 30,8 in.
Tire width 7.15 in,
Tire section height 7.40 in,
Inflation pressure 16 psi
Deflection, front tires 1.31 in.
Deflection, rear tires 1,14 in,

Figure 3 shows the predictod four wheel performance of the M~151 1/4 ton truck
in sand (average CI = 36), upslope (grade = 40%), lovel, and downslope (grade = -40%),
The tractive force shown in the Figure does not include the tangential component of the
vehicle weight, therefore, the net tinctive force would be less when going upslope and more
when golng downslope. It s interosting to note that the tractive performunce is, for all
practical purposes, the same up, level, and downslope even though the weight distribution
between the axles s different in cach case. This apprears to justify prescnt methods of
tractive force computations on slopes that disregard the effect of interaction due to the re-
distribution of axle weights on slopes., However, further systematic analysls 1s necessary
to generalize this conclusion. An average cone index of 36 corresponds to & fairly com-
pact sund where the wheel loads of the M-161 are not critical. It is possible, that under
marginal trafficability conditions the axle welght redistribution could make the differenco
between "go' and ''no go' conditions.

Another interesting feature of Iig, 3 is the decline of the tractivo force with in-
creasing torque iu the first and sccond gears. This decline is consistent with the results
of exporiments and off-road driving experience. The application of excessive torque tends
to spin out the tire, increase its sinkagoe, and roduce the tractive force that the tire can
develop. In the present method of tractive effort calculation in the AMC '74 Mobility
Model, this doclination of the tractive force is suppressed to allow the application of the
"full throttle concept' to the determination of the maximum spoed that the vehicle can
develop undor the given conditions. Should the realistic tractive force variation with
speed predictod by the vehicle performance model cause any problem with the subsequent
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calculations in the AMC '74 Mobility Model, it may be necessary to assume that the
tractive force I8 constant in that speed range where decline occurs.

The difference betwoen the tractive force that the engine is capable of developing
and the onc actually developed by the vehicle {s the motion resistance. It is seen that in
contrast to the constant motion resistance concept adopted in the AMC 74 Mobility Model,
the motion resistance strongly varies over the whole range of speed, However, Fig. 3
should not bo interpreted as if the motion rosistance generally decreused with spoed; the
motion resistancoe decreases because tho applied torque decreases with speed in the "full
throttle' concept. The low motion resistunce at high speed 1s associated with the low
appiied torque in that speed range. 'Tho same torque applied at less than full throttle in
lower goars would result in the same low motion resistance.

The interaction botween applied torquo and motion resistance ks one of the most
fmportant processos that uffect mobility. Tho vehiolo performunce model presentod in
this roport simulates this interaction well, while the constant motion resistance concept ig-
nores this important interaction completely. Yor a gliven vohicle the dependence of motion
resistance on the applied torquo could be systemaotically investigated by means of tho vehlole
porformuance model and approximute rolutionships botweon motion resistunce and applied
torquo could bo established. It {8 recommoended thut such an invostigution be initiuted and
the results incorporuted in the prosent structure of the AMC Mobility Model., A major
woukness in tho AMC Mobility Modol thus would be eliminated und tho structure uand offi-
cicnoy of the model prosorved.

Figure 4 shows the tractive porformunce of the M~161 § ton truck in sund with only
tho rour uxle ongaged, A compurison of this tigurce with thoe provious one olearly shows
the onormous wdvantugo of tho four wheol drive in sund,

¥gure 5 shows the upslopo (grade = 40%), lovel, and downslope (grade = -40%)
tractive performunce of tho M~101 § ton truck in cluy (CI - 30), while in ¥ig. 6 tho level
ground truotive porformanco of the four whool and rear whoel drive in cluy i8 compured.

In g, 7 the upslope (grade = 40%) porformunce of the M-161  ton truck is com-
pured with 2 similar vehicle equipped with interaxlo difforentinl, In sand, the interuxio
differential would help traction development in the speed rango where tho tructive fored
declinos with the decrease of speed (refor to ¥ig., 3). Anulysos porformoed for other con-
ditions indicate thut tho tractive porformance with no intoraxlo differential is genorally
oqual to or better than that with un interuxle differentiul. ‘The magnitudo of the toryuo
windup thui oceurs, if there i8 no intoraxle difforontinl, cou n¥so bo estimated by the

13
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vehicle performance model. Figure 8 shows the torque windup (in terms of axle torqué)
in sand up, level, and down slope. Another analysis indicated that in clay and level
ground the sign of the torque differential changes as the gear is changed from 2nd to 3rd.
Thus, in off-road travel where local slopes and gears are continuously changing there is
no buildup of the differential torque, a fact that has been known from experience but for
which no analytical explanation has ever been offered.

Figure 9 shows the effect of soil strength on tractive performance in sand. The
TFigure is a confirmation of the widely acknowledged notion that soil strength is the most
important factor in off-road mobility. Finally, Fig. 10 shows an example of up
(grade = 40%), level, and downslope (grade = ~40%) tractive performance prediction by
the vehicle performance model in cohesive-frictional soils (¢ = 25°, ¢ = 100 lbs/sq ft).
The tractive performance on level ground shown in the Figure is sometimes lower than
up or downslope, The explanation of this seemingly paradoxical prediction is that the
actual normal axle load on a slope is less than the axle load on level ground, therefore,
the sinkage is less and the drawbar pull higher (the tangential component of weight is not
included in the tractive force shown). It is of interest to note that the combination of a
small cohesion and a relatively low friction angle is more advantageous for the develop-
ment of tractive effort than either a purely frictional (see Fig. 9) or purely cohesive soil
with high strength.

These examples are but a few samples of tractive performance predictions for
selected combinations of input variables. Other conditions, such as partial throttle per-
formance, inflation pressure and tire size variations, ete., could be readily analyzed by
the vehicle performance model. It is recommended that the 4 x 4 model be extended to

multiaxle configurations and used, in addition to mission analyses, for general parametric

analyses of the tractive performance of off-road vehicles.
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3. TIRE-SOIL INTERACTION MODEL FOR BRAKED CONDITIONS

CONCEPT

Braking exerts a negative axle torque that has to be balanced by soll reaction
forces. The drag (negative drawbar pull) that results from the tire-seil interusction under
the action of the negative torque is tho total braking force that the tire can develop, The
negative torque is bulanced primarily by shear stresses at the tire~soil interface. Con-
ceptually, tire-soil interaction under braked conditions is identical with that undor driven
conditions but for the sign of tho interface shear stresses. The opposite direction of the
shear stresses, nevertheless, results in certain conditions that have not beoen considered
in the driven tire-soil interaction model. These are as follows.

a) In the driven tire-soil interaction model o "No Go" condition {8 indicoted
whenover the soil reactions wore insufficient to carry the load, cven if the entry and rear
angles reached their maximum value. In tho broked tire-goil intoraction model this con-
dition s identified with the development of the muaximum braking effort that the braking
system of the vehicle is capable of developing.

b) In the driven tiro-soil interaction model provisions arce made to uccount for
situations when, undor certain soil conditions, only one, rearward dircoted slip line field
develops. This situation cannot cccur under broked conditions bul an analogous one
develops when there is only one forward directed slip line field, IHowover, the maximun
value of the central angle that defines the position of tho singular point is much lurger for
the forward directed singlo slip line field (it equals the maximum cntry angle), than for
the rearward directed one. The problems causoed by this differcenco aro discussed lator,

¢) In tho driven tire-soil intoraction model the conditions, when the soil is not
stressed to the limiting plastio state, are identifiod as "HARD SURIFACE CONDITIONS."
These conditiong, of course, are not critical for tractive performance but may be critical
for braking performance. In the AMC '74 Mobility Model a braking cocfficient (XBRCOT')
obtained on pavement is assignoed to this condition. This braking cocfficient may not
always materialize on hard soil, In the braked tiro~goil interaction model a braking co-
efficient for hard surtace conditions is defined ag the ratio of normal stress (assumed to

be equal to the limit pressure) to the shear strength of soil under that normal stress,




DESCRIPTION OF BRAKED TIRE-SOIL INTERACTION MODEL

The computer program for the braked tire-soll interaction model is written as
subroutine "BRAKE" to be called from the AMC '74 Mobility Model as an alternate to the
total braking force submodel by the following arguments.

INPUT VALUES:

GCW =  Gross combination weight
GCwB =  Gross combined weight on braked axles
GCWNB =  Qross combined weight on non-braked axles
WGHY =  See INPUT dogignations (for Vehicle
Performance Model, Pg 6)
DIAW "
SECTW "
TPSI "
C e DFLCT "
SECTH "
IST "
RCIC "
. GRADE "
! CGR "
: | CGH "
.' o TL "
* : ISEAS "
COHES "
PII
GAMMA "
1P "
IB "
NTRAV "
g‘ XBRCOF =  Maximum combination braking cocfficiont
N . XBR =  Maximum braking effort vehicle can dovelop
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OUTPUT VALUES:

TBF() . = Total soil/slope/vehicle derived braking
force up (j = 1), level § = 2) and down ( = 3)
slope

BFGONO = 1 {f vehicle braking is inadequate for down
slope operation
0 otherwise

The computation scheme for the determination of braking force is similar to that
doscribed in Ref, 2 for the tire-soll interaction model for driven tires. Thercefore,
details of the computations that are identical with those described in Ref. 2 arc omitted
here and only the fundarnental organization of the computations is discussed in the follow-
ing description of the interaction model for braked tires.

The flow diagram showing the major steps in the computations is shown in
Fig. 11. First, the Coulomb strength purametors are computed from tho cone indox
values, if they are not given as input values. This computation is esseutially the same
as in the vehicle performance model., A "Do Loop'" is entored for the computation of
the braking forco up, lovel, and down slope (if required) and for cach axle. The woight
on each axle is computed taking into account the redistribution of weight duo to the slopo
and appliced braking torque. On the basis of the moximum braking torque that the brakes
can gupply an estimate is made of the interface friction angle -8, Tho slip line ficld
computation routine (essentially the same us in the driven tire model) is entered and
iteration is performed on tho entry angloe, @, until the normal stress at a a (Fg. 12)
matches the limit pressure, Py Thon tho rear field {8 computed and anglo a! Qo
which the normal stress matches the limit pressurce, is determined. X the normal
stress 9 at a ,. for an infinitesimal slip line ficld is highor than the llmit pressure,
then thero is only one forward sHp line field and the computations aro repeated for a
slip line field extending from a o to a. The interface stresses obtained from the slip
line ficld computations are integrated and the load, drawbar pull, and torque detormined.
Iterations on a , and a 4 are performed until the computed load agreoes with the tnput
load within the allowed tolerances. If the loud computed for the maximum valucs of a o
and a . is less than the input load, a ''no go" situation exists and the available braking
force s cquated with the maximum that the vehicle can develop. Otherwise the availablo
braking force equals the tangential force component obtuined {rom the integration of
interface stresses,

24




_#nm i -
W e, Y

2 e e, T

She- A3 Reor B

AEaRS

- -

ACCEPT INPUT VALUES

1
IF NOT AVAILABLE AS INPUT, COMPUTE
COULOMB STRENGTH PARAMETERS FROM CONE
INDEX VALUES

pnamasresal

i |
ENTER DO LOOP FOR COMPUTATION OF
TOTAL BRAKING FORCE AVAILABLE ON SLOPE
DO IGRAD = 1,3 {1 = UP, 2 = LEVEL, 3 = DOWNSLOPE)
DO IAX = 1,2 (AXLE NUMBER 1 = FRONT 2 = REAR)

X

| COMPUTE MAX. TORQUE BRAKING SYSTEM CAN DEVELOP |

N |
[ compure AXLE LoAD |

ESTIMATE INTERFACE ANGLE --! FROM TORQUE
1871/ 8 o |

——
[Asiumia, ay, o]

| COMPUTE FHONT SLIPLINE FIELD | ﬂ
i |
[ Pobe fumand NO Jummed ALJUST uf
VES

COMPUTE y, FOR INFINITESIMAL

RUAR FIELD
1
| | M |
4, < Pe 9, > pe
. ! | i
COMPUTL REARFILLD NO REAR
— DETEHMINE o4 FﬁL.D
EXTEND FHONT FIELD
TO u,
i |

| compuTED LOAD RINPUY LOAD |
-

YES

k] |:ONTINUE LO LOOP ADJUST d,, a

END OF LOOP

COMPUTE YOTAL VEHICLE
BHAKING FORCE

Fig. 11.  Flow Disgram for the Computation of Total Vehicle Braking Force
(For Designations see Fig. 12},

26




T,

A T L o (e
DY TSNS YRR

=

o

Fig. 12. Cantral Angles and Interface Normal Stressss in Braked Tive-Soll
luteraction,

24

e i in e o o o




PROBLEMS ENCOUNTERED

Unoexpocted problems arose with the iteration on a o aimed at determining tho
entry angle from the requirement that q rnateh the limit pressure. This itoration
soheme wus designed in the driven tire-soll intoraction model on the assumption that g
monotonicully inerousoes with the entry angle a o It wus found that undor cortaln braking
und soil conditions this assumption ix not valid, A computationul routine was udded to
the program thut recognizes this situation and direots tho program to go to the sequoncos
devisud for the condition thut for a = a , mux, tho normaul stross ¢y ut a d 18 less thun
tho limit prossuro Py

0

Anothor problom wus oncountered in situutions where conditions callod for u
singlo forward directoed slip lino flold, Although this siiuation s anulogous to tho singlo
rour slip line fiold condition vocurring with driven tiros, the muximum vuluo of tho
nontral unglo to the singular point in tho slip line field is much higher in brukod thun in
driven conditions, As u vouseguonce, the forwurd diroctod singlo siip oo ficld extonds

over o longor ure longth und, 16 it s shellow, the """ linos intorsect tho intorfuce ut o

vory aouto unglo, Undor those vonditions tho determinution of tho loentions of the nodul
poluts ub the ntorfuce bocomos thaccurate und cortuin iterationy bovomo divergont.

'T'hroo mothods wore vonsideroed to remedy this situntion:
u) Uso of afinor grid thut would muke tho vomputations more acsurute
b) Looul refinemoent of tho compututions

¢) Looal reduction of tho intorfuco friotion ungle for tho purposoy of
vomputution

Ior pruotioal rousons mothod v) wus adopted, It wus found that u minor reduction
of the locul interfuoe friction angle uugmoents the unglo of the intorsoeotion of tho interfnoo
and slip lnes sufficiontly to oliminato this compututional problom. Method a), although
simplo, would have roguirod u significuntly ineroasoed coro spaeo for the computations
which was not readily available on the HEP-3000 computer. Mothod u), however, muay be
considered when the progrum is usod with the CDC 6600 computer wvalluble foir tho
Mobility Modol, Method b) would huve requirvod eluborate progrumming not justificd by
the significunco of tho problom.
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4., USE OI' COULOMB STRENGTII PARAMETERS O SOIL AND
CONE INDEX VALUES IN MOBILITY IKVALUATION

INTRODUCTION

In the vohicle porformunco modol the sofl is modeled by its Coulomb strongth
puramoters that, {for the purpeso of mobility ovaluation, uro suituble for the charaotor-
fzation of practioully overy typo of soil. ‘I'ho use of thowo fundumental purametors allows
tho upplication of soil moechanios thoeories und, specifionlly, the plasticity thoory to tho

probloems of mobility,

On the other haad, for tho fiold dotorminution of soil properties, cono penctrution
tosty are oxtonsively wsed, Dimonsional anoalysos indioatod thut if the soil 1y eithor
purely {rivtional or puroly cohosivo thon oone index values are sufficiont for tho churuo~
torization of solls und sirmplo rolotionships botwoon dimensionlosy tiro porformanco

purumotors and so-gulled "numorios' can bo ostablishod oxperimoentally, ''ho oxporimontal

{nformution uviiluble toduy on tire porformunce in thoso two typos of soil, thut roprosont
oxtromos of tho gotl sprotrum, is invaluable for mobility ovuluution,

Ono roason bohind contoring tho exportnientul rosenroh uround thoso two oxtromo
typus of solls wat that thoso ure alsu tho solls whoro "no go" situations most froquontly
ooour, 'Toduy, whon agllity us woll ag gonoeral iobility 18 required of combut and support
vehiolos, oritioul sttuutions for ugllity are more likely to ovour in the gonorul cluss of
frictionud-~cohosive woila thun in the exiroemoes of the voll gpoctrum, Thus, it {8 ncroeug-
tngly inportant to churantorino svoily by tholr fundamoental Coulomb strongth paramotors
ruthor than cono indox valuos,

RELATIONSIHIDS BIIWEEN CONE INDEX VALUES AND COULOMDB STRENTH
PARAMES JIE

In the AMC 74 Mobility Modol the terrain {8 charactorized by « singlo cone index
vulue that ropresonts the avorage cone index in the uppoer six inchos of sofl.  Obviously,

w singlo valuo cunnot bo uniquely roluted to several indepondent purwmctors und rolution-
ships among thom cun only bo devolopod it one of tho Coulomb pursameters is noarly wero,
as in the onso of elther purely frictional or purely cohesive wolls, In those casos the

following upproximato relutionships havo been developed varlior (Rof, 2).

28




e ——— e -y

Frictional Solls

A relationship between friction angle and cone index gradient has been ostablished
indirectly by using empirical relationships between relative density and friction angle and
ostimating thoe frioctional angle on the basis of relative density,

The relative density of frictional soils may Le expressed as (Ref, 2)
D, =711 Log G +12.33 6.8 (1)

whoro D, = relative donsity (%)
G = cono index gradient (psi/in.)

The friction angle (¢ ) is outimated from the following relationship
cot ¢ =1.64 ~0.€8 XD (2)
Cohosive Soily

Tho following cmplrical rolationship g used to estimate the Cowlomb gtrength
paramoeters for cohosive solls (Ref, 2),
C (psi) = C1/12, 5
3)
¢ (dogroes) = Cl/4
The friction angle of purcly cohesive soils ig theorotically zero. Ilowevor, real
soils that full fn tho catogory of cohesivo soils oxhibit & small frietion angle as indicated
by Eq. 3. The usgoe of a small friction angle is also advantageous from the computational
point of viow. A nwmber of computationul sckomos are not applicable for w # = 0 condition
und the additionul algoritims nocdoed to provide for this contingency would increase the
longth of the program approoiably,

APDPLICATION OF PLASTICITY THEOLRY TO THE CONE PENETRATION PROBLEM
PMusticity thoory may bo applied to the detormination of cone ponctration rosistance
in goils that oxhibit rolutively small volume olungo nocossary to develop thelr shear

gtrength,  In such solls the cone index (CI = cone ponotration resistance/buse aren) may
bo oxprossoed ag

CL=t(, ¢,7,85,t )
where o = cohesion

¢ = friction angle

7 = unit woight of soil

§ = intorface friction angle

¢ = dopth of base levoel beneath the surfaco




In the field determination of soil properties the unit weight of soil (7) is rarely
measured. If estimated values of 7 are used a svurce of inaccuracy is introduced in the
above relationship.‘ Another source of inaccuracy is the value of interface friction
angle 8§ , that depends on the friction developed at the cone face. Very little is known
aout the actual values of § that are likely to vary with soil conditions and the roughness
of the cone face. The uncertainties in the value of ¥ and § set a certain limitation te
the accuracy of any relationship that can be developed on a theoretical basis between the
Coulomb strength parameters and cone index values, It ig for this reason that no attempt
was made to refine the approximate relationships (Eqs. 1, 2, and 3) established
empirically.

The cone index value also depends o» the depth of base level beneath the surface,
If an average CI is given this depth is assvumed as 3 inches, In an earlier Grumman
research project plasticity theory methrds were applied to the problem of cone penetration
(Ref, 4). An interactivo computer progruiu was developed in this program for the compu-
tation of cone penetration rosistance on the assumption that the soil above the base of the
cone acts as a surcharge (by its weight only) as illustrated in Fig. 13. The slip line field
shown in the Figure is tho solution of the differential equations of plasticity for the axially
symmetric case obtained by numerical solution methods., This research project revealed
that for certain cone angles and ¢ - ¢ values it was not possgible to close the slip line field
at the apex, and for some conditions, overlupping of the slip line field occurred (¥Fig., 14a),
Such overlapping is physically not pormissible since two Jdifierent stress states cannot
oxist in the soil at the same location and same time,

To rosolve these problems further theoretical studies were made for the present
project. These indicated that for the 30° apex angle WES cone axial symmetry requires
a different direction of the major principal stress at the apex ‘han that specified as
boundary condition for the face of the cone, including the apex, as the direction corre-
sponding to the assumed interface friction angle. Thus, in the immediate vicinity of the
apex plastic state and axial symmetry poge conflicting requirements and, thercfore, some
other than a plastic state (probably rigid) must exist there. Il'ortunately, for tho total cone
resistance this problem has little significance since the area involved is very small, In
the following analyses 1/100 of the base arca (within one tenth of the base radius) was"
oxcluded from the slip line field computations to sclve the problem, It is believed that
the exclusion of such a small area dces not affect the results appreciably.
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Fig. 14, Slip Line Fislds for Cone Panetration Problem.
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The overlapping problem was resolved by treating the depth effect differently than
in the earlier project. Instead of assuming that the soil above the base of the cone acts
by its weight only, it 18 assumed that the stress state in the soil caused by t*~ penetration
of the cone is "locked in." The penetration problem is solved in an incremental way:
starting from the surface, the stress state ai a depth A z i8 determined from thc slip line
field and in the next step the slip line field is computed for the condition that the base of
the cone is at depth A z and the boundary conditions at that level outside the base area
(previously assumed as surcharge corresponding to A z depth) are determined from the
""ocked in'" stress state. The stress state at this depth has been determined in the pre-
vious slip line field computation. When the boundary conditions correspond to this "locked
in" stress state, there is no overlapping (Fig. 14b), Variation of cone penetration resist-
ance with depth computed by this method is shown in Fig, 15 for three values of the co-

hesion.

This method is suitable for determination of the variation of cone penetration
resistance with depth, if the Coulomb strength parameters, the unit weight (v), and the
interface friction angle (¢ ) are known. It is interesting to note that even for a ¢ = 2¢°
material, the cone penetration resistance remains constant beneath a certain depth, This
explains the often observed phenomenon that cone index signatures in frictional-cohesive
soils often resemble those obtained in purely cohesive soils. '

This method may be used to establish Coulomb strength parameters from cone index
profiles by trial and error. Further theoretical and experimental research (including
interface friction angle measurements) is needed to develop a procedure that uniguely
converts cone index profiles to Coulomb strength parameters. It is strongly recommended
that further field cone penetration tests be conducted in such a way that the complete depth
profile of cone resistance ke available for possible conversion to Coulomb strength

parameters,

EFFECT OF THE PASSAGE OF LEAD WHEEL ON THE PROPERTIES OTF SOIL
ENCOUNTERED BY TRAILING WHEEL

Frictional Soils

The passage of a tire generally increases the relative density. This increase in
relative density depends on the limit pressure. The estimated relative density after
passage cf the lead whe=l 18

D', = P| (1-D_)/50 (5)
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where Dr = initial relative density
D= relative density after passage of lead wheel

P1 = limit pressure for lead wheel

The maximum value of D, computed by Eq. (5) is set at D.=1.1D,=11s the
maximum relative density obtainable by laboratory procedures. In the field somewhat

higher densities may be obtained). ®

Cohoesive Solls

Soils in this category are close to 100% saturation at which preloading by a lead
tire does not increase the soil strength, Multiple passage of vehicles may even destroy
some of the structural strength of this type of soil.

Cohesive~Frictional (c-¢) Soils

Cohesive-frictional soils encountered at the surface are generally not saturated.
'Thoe presence of air voids in these solls allows the soll to compact under the stresses
applied by the lead wheel to the soil, If the degree of saturation is less than, say, about
85% then it may be agsumed that the streosses in the soll are “effective stresses", . e.,
no part of the applied stresses is carried by pore water or air pressure. Once the goil
acquired some strength in ity offectivo stross history, a major portion of this strength
romains "locked in" oven aftor the strosses aro released. This concept may be used for
the estimation of the inereasc in soil strength due to the action of the leading wheel
(Fig. 16). Tho maximum normal stross that the soll experiecnces bencath the lead wheel
determines the strength that rorains partially lockoed in the soil. The degree of "locking
in'" is expressed by the coofficient K ’ that is applicd to the friction angle in the stress
range up to the estimated max. normal stress. Ks may be determined by triaxial tosts
that duplicato the stress path in the soil during passage of the lead wheel.

Anothoer way of obtaining information on the effect of compaction on the strength
proporties of soil would be to make conc penctration tests in the rut of vebicles. In tho
1i1ld there 18 generally some off-road vehiclo that carries tie crew., It would require
little additional work, to muake cone penetration tests in the rut of thoe vehicle and record

it together with the information on the vehicle tiro characteristics.
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6. CONCLUSIONS AND RECOMMENDATIONS

A vehicle performance model has been developed that incorporates all essential
interactive features of vehicle soil interaction that affect vehicle performance. The model
simulates vehicle porformance with sufficient accuracy for both periormance prediction
and parametric analyses of conceptual and existing vehicles. A braked tire-soil inter-
action model has also been developed to complement the vehicle performance model.

It is recommended that the interactive capability of the vehicle performance
model be used to establish applied torque-motion resistance relationships for the various
military vehicles. The use of such relationships in the AMC '74 Mobllity Model would cn=-
hance the performunce simulation therein without significant chan~es in the present struc-
ture of the model. It i also recommended that tho prosent 4 x 4 vehicle performance mod-
el be expanded to multiaxle configurations.

In the soll categories presently used in the AMC '74 Mobility Model frictional-
cohesive soils are not included. It {8 recommended that a new soil category comprising
these solls be included in the Model and the vehicle porformance model be used for the
prediction of tractive performance in this soil category. Ior the characterization of soils
in this category it is necessary to establish their Coulomb strength parametoers. Yor this
purposo it {8 recommonded that

a) Complete penetration resistance-depth profiles be obtained in future ficld
investigations, both on virgin soll and after the passage of a specified vehicle

b) IFurthor rescarch, based on the new mothod of analysie of continuous cone
penetration (reported in Section 4), be conducted to develop methods for the direct con~

version of resistance profiles to Coulomb strength parameters,
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